This Primer summarizes how plant volatiles are made and released, their likely ancestral functions in defense and their contemporary roles as within-and between-plant signals, attracting pollinators and carnivores. In addition to their function in ecosystems, plant volatiles play important roles in many aspects of human behavior (in mate attraction, as drugs, and in food acquisition). Hence industries (pharmaceutical, nutritional and perfume) have focused on plant volatiles with biological activity in taste and olfaction for the relatively anosmic human nose. To understand the function of volatiles from the plant's perspective, we need to query organisms whose sense of smell is keener than ours, organisms that have been paying attention to plant volatile emissions for millions of years -the insects and microbes with which plants co-evolved. We are learning more about the mechanisms by which plants regulate the release of their volatiles. With this knowledge, we are
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Plant volatiles Ian T. Baldwin
Plant volatiles are the metabolites that plants release into the air. The quantities released are not trivial. Almost one-fifth of the atmospheric CO 2 fixed by land plants is released back into the air each day as volatiles. Plants are champion synthetic chemists; they take advantage of their anabolic prowess to produce volatiles, which they use to protect themselves against biotic and abiotic stresses and to provide information -and potentially disinformation -to mutualists and competitors alike. As transferors of information, volatiles have provided plants with solutions to the challenges associated with being rooted in the ground and immobile.
Primer able to manipulate those emissions; with these tools, researchers can 'ask the plant' why they are so profligate with their emissions.
How plant volatiles are made
If you damage any green leaf, the odor your nose detects will likely be dominated by a suite of C 6 alcohols, aldehydes, ketones and esters that are derived from C 18 fatty acids released from damaged membranes, deoxygenated by lipoxygenase enzymes and cleaved by hydroperoxide lyases ( Figure  1 ). These volatile C 6 compounds, dubbed 'green leaf volatiles', are only the tip of the iceberg: plant volatile blends are complex and the blends differ among plant parts. Indeed, volatile blends tend to be as complex as the roles they play in the lives of a plant. Although some biosynthetic pathways contribute more than others to the blends, most aspects of metabolism are represented ( Figure 1 ). A few general rules apply. The constituents, which tend to be lipophilic, are frequently synthesized from hydrophilic precursors whose hydrophilic functional groups have been removed or masked through reduction, methylation and acylation reactions. Even heavy metals, such as mercury and selenium, can be made into volatile derivatives. Genetic analyses of the gene families mediating these reactions have revealed that many have undergone cycles of gene duplication with modifications in a few critical residues; these modifications have changed the substrate specificity of the enzymes. Their lipophilicity allows plant volatiles to traverse membranes readily and evaporate into the atmosphere. The volatile synthesis reactions, which are combinatorial, allow constituents of many different biosynthetic pathways to contribute to the chemical diversity of the emitted bouquets.
Plastid
Roughly, plant volatile blends are dominated by four biosynthetic classes: terpenoids, compounds with aromatic rings, the fatty acid derivatives mentioned above, and volatiles derived from amino acids other than L-phenylalanine. The aromatic compounds, which tend to be derived from L-phenylalanine and are frequently elaborated in floral tissues, include compounds made by chain-shortening of trans-cinnamic acid and structures co-opted from lignin biosynthesis to form benzoids. Aromatic compounds can also be formed independently of the Lphenylalanine pathway using type-III polyketide synthases from various Coenzyme-A conjugates (Figure 1 ).
Terpenoids play a central role in generating the chemical diversity of plant volatiles and appear to have been under strong diversifying selection. The biosynthesis of this intriguing class of plant volatiles is described in Box 1.
Among the one-and two-carbon plant volatiles included in the volatile blends, methanol and ethylene are two of the most commonly emitted. Methanol is released in part from the demethylation of the abundant cell-wall constituent pectin when leaves change shape during growth or senescence, or when they are attacked by herbivores whose oral secretions have a high pH. The pH shift at the feeding site that occurs when such larvae consume leaves activates pectin methylesterases (Figure 1 ) in the cell wall, releasing copious quantities of methanol, frequently in amounts ten times higher than the next most abundant group of volatiles emitted from damaged leaves, the green leaf volatiles. Ethylene is one of three plant hormones that are emitted into the air in biologically active quantities and is derived from the oxidation of 1-amino-cyclopropane-1-carboxylic acid (Figure 1 ), which in turn is derived from the amino acid methionine.
How plant volatiles are released
Many of the lipophilic plant volatiles are released through the membranes of the epidermal tissues, where they are synthesized, or from other structures, such as trichomes (specialized hair-like structures that are derived from epidermal cells), osmophores (specialized scent producing structures, usually found in flowers) or crenulated epidermal cells commonly found in flower parts that specialize in releasing volatiles. In leaves and stems, volatiles are also released from the pores through which CO 2 is assimilated and water vapor released, the stomates. The opening and closing behavior of stomates can influence the release of volatiles produced from cells deep within the plant. Some volatiles can be stored in conjugated forms in vacuoles or in specialized ducts and laticifers, precursors that are deconjugated to release volatiles when tissues are damaged (such as when herbivores chew on leaves) and lytic enzymes are mixed with the contents of these storage compartments.
Not surprisingly, transcription factors have been discovered that specifically coordinate the many steps involved in plant volatile biosynthesis. Signaling pathways that regulate the production of chemical defenses, toxins and digestibilityreducing compounds in response to attack from insects and pathogens also coordinate the biosynthesis and release of plant volatiles. The oxylipin signaling pathway, which regulates many of these inducible defenses, plays a central role in regulating the volatiles that are released after herbivore attack. The elicitors that activate the release of volatiles after attack are frequently specific to the herbivore or to its feeding behavior, as they are constituents of the herbivore's oral secretions. As such, they may include fatty-acid-aminoacid conjugates; lytic enzymes, such Box 1.
Biosynthesis of terpenoids.
Terpenoids provide much of the structural diversity in plant volatile blends. All terpenoids are derived from the condensation of the C 5 precursor isopentenyl pyrophosphate (IPP; C 5 ) and its allylic isomer, dimethylallyl pyrophosphate (DMAPP; C 5 ), compounds which in higher plants are synthesized from one of two independent pathways: the mevalonic acid (MVA) pathway located in the cytosol or the 2-methylerythritol 4-phosphate/1-deoxy-xylulose 5-phosphate (MEP/DOXP) pathway located in plastids. In the plastids, three molecules of IPP are condensed with DMAPP to produce the diterpenoid precursor, geranylgeranyl pyrophosphate (GGPP; C 20 ), whereas in the cytosol, two molecules of IPP are condensed with DMAPP to produce farnesyl pyrophosphate (FPP). These C 5 -C 20 'LEGO-like' building blocks (DMAPP, GPP, FPP and GGPP) are the substrates for an interesting family of enzymes, the terpene synthases (TPS); these enzymes make a bewildering array of hemi-, mono-, sesqui-and diterpene volatiles. The number of products produced by this gene family exceeds the number of functional TPS genes in the genome (32 in the Arabidopsis genome), in part due to the particular reaction mechanism its members catalyze. The first committed step of TPS-mediated reactions involves the removal of the pyrophosphate from one of the C 5 -C 20 substrates to form a highly unstable carbocation, which is subsequently guided through a series of reactions by the enzyme. A single TPS can produce as many as 20 products or as few as 1. Unfortunately, TPS gene sequences reveal few clues about the structures of their substrates or products and hence much experimental work is required to uncover their functions. Terpenoids of irregular carbon numbers can be produced by modifying the terpenoid pathway (C 11 and C 16 homoterpenes) as well as by degrading carotenoids by a dioxygenase-initiated process ( Figure 1 ).
as β-glucosidase; or fragments of plant ATPases, which are reintroduced into the wounds during feeding to elicit the production of new volatiles. Some herbivores forcibly insert their eggs into plant tissues, after which their oviposition fluids elicit changes in the volatiles released.
Ethylene is the only plant volatile for which the molecular mechanisms of perception (by the ethylene receptor, as depicted in Figure 1 ) are understood in any detail. Knowledge of how ethylene is perceived has helped explain how it is regulated and what it does. When plants are transformed with a mutated version of this receptor (etr1-1), the resulting plants are essentially deaf to their own ethylene emissions and begin to 'scream', that is, to release excessive quantities of ethylene, revealing the close interplay between production and perception. If the production and release of other plant volatiles turns out to be similarly regulated, it would become clear how the greatly amplified releases required for the offensive functions of plant volatiles ( Figure 2A ) could have evolved. That ethylene-deaf plants also lose their ability to sense the location of other nearby plants and physical objects in their surroundings demonstrates that the function of this volatile includes the botanical equivalent of proprioception.
How plant volatiles are analyzed in research
For plant volatiles to play such complicated roles, they have to be released in complex blends that differ among plant parts. Floral bouquets are probably the best studied: to date more than 1,700 different structures have been identified. This remarkable accomplishment, made possible by rapid developments in gas chromatography and mass spectrometry over the past four decades, has ensured that the hype about 'metabolomics' is first becoming a reality for the plant volatile 'metabolome'. The importance of these analytical advances can't be overemphasized. A full characterization of the plant volatile blends is essential if we are to understand their biological function. The community of organisms that pay attention to plant volatiles does so using biological receptors whose resolution and sensitivity are at the very limit of the most advanced chemical techniques available. When such biological receptors are coupled to gas chromatography (GC) columns, as in GC-electroantennography, our best mass spectrometers can not compete. Although biological receptors are more sensitive than their mechanical counterparts, they are also more selective and may respond to only a single isomer of a constituent in a blend. In addition, analytical advances have also revealed the bias inherent in our chemical detection systems. By extending the mass range and resolution, the newest analyses have revealed that a plant's metabolic status is encrypted in volatile bouquets, an insight which provides a new dimension for understanding the function of plant volatiles.
The many intended and unintended functions of plant volatiles
Plants have clearly been under strong selection pressure to increase the release of particular volatiles from particular parts to attract mutualists such as pollinators. Masters of gas exchange, they have literally built forests from CO 2 fixed from thin air; yet, they are also leaky with their fixed carbon. Just as the breath of the sick and the sweat of the nervous can betray potentially sensitive information to other people, plant volatile blends can betray the metabolic status of a plant to competitors. The mechanisms of plant volatile synthesis and release provide the tools to manipulate their releases to acquire unbiased views of their function, which, for all evolving biological systems, must illuminate how volatiles influence the emitting organism's fitness.
Direct defense, the ancestral function of plant volatiles?
The role plant volatiles play in providing direct defense against biotic and abiotic stressors (Figure 2A) likely reflects the ancestral function of these compounds in photosynthetic and heterotrophic bacteria before they joined forces with the early eucaryotes to become the first higher-order plants. For The metabolites that can be emitted in sufficient quantities to adversely affect neighboring plants through the microbial 'sponge' that inhabits the plant rhizo-and phyllo-spheres are those compounds to which plants are selected to be particularly sensitive and, due to their internal function, must remain sensitive: the small molecule phytohormones. Plants have elaborate receptors to detect and respond to even minute quantities of these phytohormones. And this sensitivity represents a liability, as methylated volatile derivatives of the phytohormones, salicylate and jasmonic acids (MeSA and MeJA), as well as ethylene, can be used offensively against other plants (Figure 1 ). Despite four decades of research into the offensive function (called 'allelopathy') of a broad range of chemicals exuded from plants, this offensive function remains best established for plants that release these volatile phytohormones in large quantities.
Other plant volatiles have retained their directly defensive properties, because the central problem of using toxins offensively, namely how to store them safely, has been solved. These toxic volatiles are produced and released as part of various relatively non-toxic chemical 'bombs'; these bombs, which are detonated upon tissue disruption, mix previously separated enzymes and substrates to release toxic plant volatiles, such as cyanide or isothiocyanates, from cyanogenic glycosides and mustard oils, respectively.
The direct defense role of plant volatiles also extends to protection against abiotic stresses. The C 5 terpene isoprene (see Box 1 and Figure 1 ) has been shown to protect plants against heat and oxidative stress; other volatile terpenes may play similar roles. world, providing information to other organisms about a plant's physiology (e.g., its sexual receptivity, fruit maturity, insect damage, oviposition, and competitive status). But they can also transmit information within a plant and potentially between plants ( Figure 2A ). As previously mentioned, ethylene is one of three plant hormones that are emitted into the air in biologically active quantities. Ethylene regulates the growth and development of most plant parts, in particular flowers and fruits, controlling how plants use volatiles to advertise for pollinators and fruit dispersers, respectively. Ethylene is also known to fine-tune the defense responses to attack from herbivores and pathogens in tissues distal from the site of attack, and green leaf volatiles act similarly. The best documented example is the role that a green leaf volatile plays in mediating the increase in extrafloral nectar production in the distal unattacked leaves of lima bean downwind from leaves on the same vines that are being attacked by herbivores. The exposure of these distal leaves to a green leaf volatile increases the production of extrafloral nectar, which, in turn, attracts ants. When the ants are of the right species and disposition, they function as body guards, attacking and driving off herbivores from the plant. Green leaf volatiles, ethylene and perhaps other plant volatiles transmit information within plants, affecting transcript abundance or directly activating defense responses in distal branches that are not well connected by the private communication channels of the vascular system. The identities of some of the transcripts that are regulated are consistent with the hypothesis that defense metabolism is being primed, perhaps so that distal plant parts can elicit defenses more rapidly when attackers arrive. Plants are known to change their metabolism in response to other long-distance signals. For example, plants use far-red radiation transmitted through the canopies of potential competitors to increase their own internal allocation of resources to growth rather than defense processes in anticipation of but well before direct competition among plants for photosynthetically active radiation actually occurs. This change in resource allocation priorities likely reflects the more severe consequences of resource competition than of attack from herbivores and pathogens for a plant's fitness. However, the relative importance of these different biotic stressors may change if the competing plants are also harboring mobile herbivores and pathogens, something that their volatile emissions could betray.
Plant volatiles in signaling within and between plants
Transforming plants to silence the specific enzymes required to synthesize green leaf volatiles (Figure 1) can reveal who is paying attention to which emissions. When these 'volatile-mute' plants are planted upwind of normal green leaf volatile producing conspecifics, the downwind plants respond with extensive transcriptional reprogramming. Although what these changes in gene expression mean is still obscure, the response demonstrates that neighboring plants pay attention not only to the presence of green leaf volatiles but also to their absence. Given the lengths that humans go to suppress or mask their body odors with deodorants, perfumes and frequent bathing, it's possible that the ability to suppress and mask volatile signals will also prove important for plants that live in environments replete with eavesdropping competitors and predators.
The benefits of plant volatile release
Plants use volatiles to solve fundamental problems that result from their immobility: dispersing offspring and gametes, and attracting mates. Some plant volatiles signal a fruit's nutritional quality to potential seed dispersers. In addition to using plant volatiles to advertise for pollination and fruit/seed dispersal services from other organisms, they also advertise for the services of carnivores from higher trophic levels in the surrounding community (Figure 2A) .
When plants are attacked, they attract predators and parasitoids of the attacking herbivores with volatile blends that provide information about the location, activity and perhaps even developmental stage of the attacking herbivore. Insect predators or parasitoids, which include different types of wasps and bugs, are guided by the release of plant volatiles in their hunt for herbivorous insect prey. Because many enemies are very effective hunters, plants must encrypt a lot of information into the released blends to help the predators. The more information about attacking herbivores a plant can encode into its volatile emissions, the more effectively a carnivore will be able to respond to a plant's 'cry for help' and the more likely the carnivore will benefit the plant by disposing of its attackers.
Such interactions are largely based on the remarkable capacity of most organisms, including relatively anosmic humans, to associate particular odors with particular rewards. For many predatory, pollinating or parasitic insects, a single associational learning event is all that is required to link a particular plant volatile with a reward, be it nectar, pollen, or prey. For other, more specialized insects, the associations can be hard-wired, as is likely the case for some social wasps. In many cases, these hard-wired associations have been exploited by particular orchids. Orchids are the con-artists of the botanical world, at least when it comes to evolving deceptive pollination mechanisms. Rather than paying for pollination services with sugary rewards, orchids are adept at hijacking hard-wired chemical communication systems. For example, orchids that live deep in conifer forests thoroughly fool hunting social wasps by releasing a blend of green leaf volatiles from their flowers. The wasps mistake the flowers for leaf-feeding caterpillars and, while grappling with the flowers, become part of the pollen postal service when pollinia are attached to their heads or abdomens. Other wasps are chemically tricked by other orchids into treating their flowers as if they were virgin female wasps. Again, their exertions with the flowers -here amorous rather than predatorial -turn wasps into postmen. Since capturing prey and finding a mate are so important, components of these behaviors are hard-wired. Unsurprisingly, the wasps continue to make mistakes, delivering the orchid's gametes as reliably as the sugar-fueled postal service provided by nectar-seeking bees and moths. Other plant groups mimic the stench, temperature and appearance of rotting carcasses or dung to attract the insects that specialize in these food niches. Some plants even mimic the smell of wet soil to attract insects seeking water. The ability to make these olfactory associations is sufficiently valuable that organisms tolerate instances when it is exploited.
It is in the formation of these associations that the enormous chemical diversity of plant volatiles is so crucial. Pollinator services are of little value to a plant unless the delivery of gametes can be made to species-specific addresses. The unique volatile blends of flowers provide this specificity. But the chemical message encrypted in a floral bouquet does more than simply lure pollinators. Information about pollination status and the location of nectar rewards may also be encoded, which allows pollinators to forage more efficiently in an inflorescence.
The floral bouquets also contain potent repellants to the unbidden guests of flowers: nectar robbers and florivores. These repellants likely signal the presence of high concentrations of less volatile toxins and other deterrents in the flower. The blends released from ripe fruits are highly attractive to potential seed dispersers, and since many fruit volatiles are derived from aminoand fatty-acids, the blend likely represents the true nutritional value of the fruit to a potential disperser. The communications that occur below-ground between plants and mutualistic arthropods, nematodes, fungi and bacteria that are mediated by plant volatiles are just beginning to be explored and are likely equally as complex and important for the plant as those that occur above-ground.
The costs of plant volatile release
When used in open communication systems, the emitter has very little control over who the receiver might be and what the information might be used for. Hence, the fitness consequences for a plant of releasing plant volatiles are rarely straightforward and involve balancing the benefits of the 'intended' effects against the costs of those that are 'unintended'. For example, the fragrances a plant emits from its flowers to attract pollinators may attract nectar-robbing bees and florivores; these can be disastrous for the plant's reproductive aspirations. Such consequences are usually only discovered when the emission is experimentally manipulated in nature.
Privacy in any chemical communication system is highly desired but difficult to obtain when the emitters and receivers do not share the same genome. In the pheromone-mediated, intra-specific sexual signaling that occurs in insects, privacy is more easily attained. Similarly, the key constituents in the bouquets released from herbivoreattacked leaves attract unwanted herbivores in addition to beneficial carnivores. Some herbivorous beetles find their mates by homing in on the green leaf volatiles released from the feeding activities of conspecifics. As such, the plant's volatile release is like the advertisement for an exclusive orgy, and the volatile-emitting plants are clobbered in the resulting mating and feeding frenzy. When green leaf volatile mute plants are planted into native habitats, they are simply off the radar of certain flea beetles and thus not colonized. Other lepidopteran herbivores use green leaf volatiles as feeding stimulants. When larvae are placed on mute plants, the plants are not recognized as food, and the larvae don't start feeding unless given the green leaf volatile mediated 'bon appetit' signal. Some caterpillars use the diurnal rhythms of volatile release, which attract parasitoids, to coordinate their feeding behavior to avoid the attracted parasitoids. And some commonly emitted plant volatiles are used by parasitic plants to locate their hosts, as has been recently shown for Cuscuta pentagona, which must locate a host soon after germination.
Many of these examples of intercepted signaling were discovered when the plants were transformed to silence some of the volatiles in their 'vocabulary', specifically by disabling pathways responsible for producing plant volatiles or the regulatory elements that control their release. These genetic dissections have revealed other layers of function in the chemical complexity of the volatile blends. Some constituents repel unwanted guests and maximize good behavior from invited guests. For example, transforming native tobacco to silence its ability to produce nicotine in flowers revealed that this volatile toxin not only protects flowers from both nectar robbers and florivores but also compels hummingbird visitors to visit more flowers. In the end, the plant receives more pollination services with a minimum of investment in nectar rewards.
Fanciful metaphors and rigorous analyses
We have much to learn about why plants release so much of their fixed carbon back into the air. Some of these emissions may be uncontrolled waste, a null hypothesis against which functional hypotheses can be pitted. But the last three decades of research have provided evidence for complicated functions, some of which have been cast in fanciful terms. Experiments have been conducted to determine if trees 'talk' or plants 'cry for help'. As useful as these anthropomorphizations have been in generating testable hypotheses, the data have frequently been over-interpreted. The dramatic advances in our understanding of the genetic mechanisms responsible for producing or perceiving plant volatiles are empowering researchers to 'phytopomorphize' themselves, rather than anthropomorphizing their subjects. Evidence from studies that use deaf and mute plants in natural settings is placing the communicative and protective function of plant volatiles on firm experimental footing. The use of mute emitter plants allows complex blends to be dissected, and complementation studies, in which synthetic volatiles restore the genetically dissected volatile blends, provide rigorous tests of volatile function. Although it may seem fanciful to ask if plants are being 'coy' or 'deceptive' about revealing too much to their eavesdropping neighbors and competitors, these are reasonable questions to ask if the mechanism by which plants suppress the release of plant volatiles -or the mechanism that controls the rate of volatile emission -is to be understood. Experiments conducted in native habitats permit the complicated volatile-mediated interactions to be understood in a common currency of plant fitness. Only in the context of the community can the function of plant volatiles be understood, for only this context makes clear the fitness value of being a 'native volatile speaker'.
